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In the final report, we describe the work carried out on the investigation and development of
low voltage phosphors for field emission displays. The standard blue-green ZnO:Zn was improved
considerably and now yields very high luminance.

New methods were developed which produced good, saturated green zinc gallate phosphor. A novel,
narrow band calcium titanate red phosphor has been synthesised, as well as a broader band zinc
magnesium oxide blue emitter. The synthesis and characteristics of these materials are
described and analysed. Future work is suggested. Samples of all good phosphors were supplied
to Fort Monmouth, as welt as seven US firms.
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ABSTRACT

This final report covers the work carried out in the two
years of the contract to investigate new and improved low
voltage phosphors for field emission displays (FEDs). The
work commenced with a literature survey of relevant papers
and patents and attempts to determine suppliers of
phosphors, with particular reference to suitable low voltage
materials. Not surprisingly, very few manufacturers of low
voltage phosphors were unearthed and these only supplied
ZnO:Zn. Hence, at the commencement of this contract, only
one low voltage phosphor was available.

Our work during this period has concentrated on assessing
new lattices, attempting to obtain high surface
conductivities from nominally insulating materials, as well
as setting up a low voltage, demountable cathodoluminescent
rig, together with a spectroradiometer. In addition, our
research efforts have been geared towards ensuring that we
were not dependent on external suppliers for ZnO:Zn
phosphors. Hence, this aspect received considerable
attention.

One annual and six interim reports have been issued,
together with samples of many types of phosphors prepared in
our laboratories. Some of these have been evaluated by our
colleagues at Fort Monmouth and the results so far have been
very promising. As a result of our efforts, a phosphor
system emitting saturated green (ZnGa 2 0 4 :Mn), a new emitting
orange-red (CaTiO3 :Pr) and finally, a blue emitting
ZnMgO:Zn, have been successfully produced.

Under 'standard' conditions, the luminance levels in foot
lamberts, at the end of the first year, (measured at Fort
Monmouth EDTL), are indicated under A. The results at the
end of the contract period are under B.

A B

ZnO:Zn (blue green) -{2600 (UG) 4650
{2700 (commercial) -

ZnGa 2 0 4 :Mn (saturated green) 350 2610
CaTiO3 :Pr ('saturated red') 160 576
ZnMgO:Zn (blue) - 1614

This clearly indicates the improvements made. However, for a
RGB system, the colour purity is not yet perfect and filters
will still be required. ______________jAccesion For

Samples were supplied to seven US firms. NTIS CRA&I
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I) OBJECTIVES

The cathode ray tube, after a century of development, is
still the major display component used in information
technology. The extension of its usefulness, from
oscilloscope to monochrome and then full colour
television, has always been accompanied by improvements
in the phosphors used. For example, the advent of the
present colour television systems depended on the
development of efficient, narrow band red phosphors.
Similarly, the recent progress made in field emission/
microtip technology will not be exploited to its full
potential until the red, green and blue (RGB) phosphors
operating at the required conditions have been
synthesised.

Although cathode ray phosphors have been optimised to work
at high voltages (over 10 eV), and relatively low current
densities (a few micramps per cm2 ), the requirements for
field emission displays (FEDs) are totally different. The
voltages of operation range from 10 to 1500 eV, but high
current densities are needed. Because of the relatively
low operating voltages, aluminizing of the phosphor layer
to avoid space charge is not possible. At the start of
the contract, the only phosphor systems used with any
success are the ZnO systems.

For these reasons, the objective of this contract was to
produce a new system of phosphors excitable by low energy
electrons, capable of saturated R G and B emission with
high efficiency. It should be emphasised that although we
are dealing with FEDs in a general way, there are many
proposed FED systems and each may require a phosphor
system designed for it. Every application has specific
I-V conditions of operation, resolution and maintenance.
These, in turn, will be governed by the size of the
display required and the method of address used.

II) LITERATURE SEARCH

A literature search was carried out at the beginning of the
contract. Most patents were of Japanese origin. Only a few
patents covering phosphor preparation techniques were
uncovered. The complete list of references was given in the
first interim report. Since then, only a few papers and
patents have been found in the literature. These have been
listed in the other interim reports.

III) PHOSPHOR SUPPLIERS

A list of phosphor suppliers was appended in the first
interim report. All these suppliers were approached for
information on any phosphors for low voltage application.
Only Kasei, PTL (UK) and Hoechst responded but only Kasei
appeared useful.
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IV) POWDER PHOSPHOR SYNTHESIS AND RESULTS

1) ZnO:Zn Powder Phosphor*

Throughout the contract, many different methods of
preparing ZnO:Zn phosphor have been tried. The original
method involved firing ZnO powder in a CO reducing
atmosphere. This led to bright ZnO:Zn which was
reproducible, but never as bright as the commercial
ZnO:Zn. Furthermore, the batch size was limited to
around 30g. The introduction of some S into the CO
reducing atmosphere improved the PL to near commercial
levels, but not much better. More recently, we have
experimented with modifying the firing conditions and
replacing the CO atmosphere. This led to a significantly
improved phosphor vis-a-vis commercial.

Various suppliers (Koch-light, Koch, Merck, Rose
Chemicals, Grillo Zinc Oxide and Aldrich) were sourced
for fine particle, pure zinc oxide starting material and
wide differences in quality of the phosphor so produced
were found.

In an alternative route, a variety of zinc oxysalts were
precipitated which could then be thermally decomposed to
produce ZnO. This route should have the advantage that
the purity and possibly the particle size of the zinc
oxide can be more closely controlled. The precursor for
the preparation of the ZnO phosphor was optimised.
Again, showing that results were better if suitable
starting materials were selected. The type of furnace
used also affects the final results obtained.

The PL of ZnO:Zn is now extremely bright when compared to
the commercial phosphor. The procedure now chosen is
fairly complex involving several firing stages and very
stringent control of the ambient. Details were given in
previous reports.

Further improvements, particularly in the reduction of
the particle size, were obtained by using a charge of
mixed starting materials.

There are some references in the literature where etching
has been shown to be beneficial in improving phosphor
performance. The improvement may be due to the removal
of dead surface layers. We have treated both raw ZnO
material and ZnO:Zn phosphors using a range of suitable
etchants such as H2 S0 4 , HCI, HN0 3 , HCIO4 , H2 0 2 , NH4 0H
and N2 H4 H20. Positive results were obtained with some of
these etchants. With raw ZnO, the most beneficial etchant
was H2 SO4 (2.5%). This seems to point to S as being a
useful (if not the most important) impurity in ZnO:Zn.

* For a description of assessment equipment used see Appendix A & B.
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Though some improvements were seen when ZnO:Zn phosphor was
etched with H2 SO4 , far better etchants have been developed,
the PL of the etched phosphor being significantly brighter
than control.

la) ZnO:Zn phosphor assessment

The assessment of the phosphors prepared was carried out
using material examination techniques such as XRD, SEM,
ICP, as well as PL studies using both laser and UV
excitation and CL studies using both low and high voltage
sources. Table I summarizes the results for the types of
phosphors we have made, along with the commercial material
where available. For reference, the best commercially
available ZnO:Zn was used.

TABLE 1

Phosphor Threshold Peak FtL Luminance CIE
Voltage (run) (1500V 2 hrs X Y

MV 100YA) (ftL)

ZnO:Zn 40 505 9350 4650 0.2268 0.4427

ZnO:Zn 40-50 505 7140 1250

(commercial)

ZnGa 2 0 4 :Mn 40 505 3120 2610 0.1087 0.7574

CaTiO3 :Pr 90 612 1152 576 0.6799 0.3111

SnO2 :Eu 60 596 164 102 0.5873 0.3831

(Zn,Mg)O:Zn 50 476 3250 1614 0.1707 0.2843

la.i) XRD

XRD examination of ZnO (raw), ZnO with added S and ZnO
prepared from a Zn oxysalt precipitated from ZnSO4 , revealed
no discernible differences (Figs. 1-3).

la.ii) SEM

SEM examination of ZnO indicated that the particle size was
around 1-29m. The commercial material was similar, (Figs. 4
and 5) both in size and in morphology.
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la.iii) Inductively Coupled Plasma

Chemical analysis to determine the impurity level in some of
the phosphors prepared from commercial ZnO samples, ZrO:Zn
prepared via the chemical methods, as well as commercial
ZnO:Zn, was carried out using inductively coupled plasma
spectroscopy. The results of this exercise are tabulated
below:

Elements (ppm)
Phosphor sample Cd Ni Ca Cu Fe Pb Mn

Commercial ZnO:Zn 0.965 0.760 0.082 0.028 0.138 4.67 0.054

BDH-ZnO 0.944 0.752 0.102 0.074 0.012 5.11 0.052

Rose ChemicaL-ZnO 1.4 0.761 0.074 0.039 0.074 5.66 0.053
ZnS0 4 -Zn oxalate-ZnO 0.906 1.19 0.433 0.203 0.326 4.18 0.065
ZnAc 2 -Zn oxalate-ZnO 0.932 0.751 0.496 0.171 0.153 4.35 0.074

ZnAc 2

As can be seen, most impurities levels are very similar.
The major differences are in the levels of Ca, Cu and, in
one instance, Fe. Hence, overall, it is difficult to judge
why some materials yield a good phosphor, whilst another
yields a poor phosphor. The major problem with ZnO is that,
unlike other phosphors which require activators and/or co-
activators, it is self-activated. This imposes very severe
restrictions on the preparation conditions. The Zn-O
dissociation plot is shown in Fig. 6.

la.iv) Photoluminescence

Gradually, over the last two years, the PL of ZnO:Zn
phosphors prepared in-house, first approached, then
exceeded, that of the commercial material. Under UV
excitation, ZnO:Zn emitted as intense green luminescence.
The excitation and emission spectra are shown in Fig. 7.
The broad emission peak of the ZnO:Zn is centred around
505nm (FWHM 120nm). The decay time t was very short, -0.3As
(where t is defined as the time for the initial PL intensity
to decrease by a factor 1/e (Fig. 8).

la.v) Cathodoluminescence studies

CL studies have been carried out both at ETDL, Fort
Monmouth, and the University of Greenwich. The phosphor
layers for evaluation were prepared by either doctor blading
or electrophoresis. In the initial tests when no baking was
used, the stability was very poor. After removal from the
vacuum test chamber, a heavy browning (burning?) was
observed at the point where the e-beam impinged on the
phosphor.

When the layers were baked the stability was improved
dramatically. The browning was almost eliminated.

The results obtained were as follows:
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Phosphor Luminance (ftL) at 1500V 504A

1993 1994

ZnO:Zn (Greenwich) 2600 4650

ZnO:Zn (commercial) 2700

Hence, the in-house ZnO:Zn is significantly better than the
commercial material.

The luminance measurements undertaken at UG are summarized
in the L/V, L/I and L/t curves of Fig. 9, a), b) and c), and
the broad band emission spectrum in Fig. 10, where it is
compared with the spectra of other low voltage phosphors.

2) (Zn,Mg)O:Zn Powder Phosphor

Various dopants were used in an attempt to shift the
emission peak or enhance the PL emission of ZnO:Zn.

The addition of large concentrations of Mg oxysalts to ZnO
followed by reduction in CO shifted the emission by about
30nm towards the blue, but at a much reduced intensity.
No improvement was gained by using co-precipitated Zn and
Mg.

However, by using selected pecursors which underwent complex
exothermic reactions at the mixing stage, the emission was
considerably intensified. As a result, a (ZnMg)O:Zn
phosphor was produced with bright blue PL or CL emission.

2a) (ZnMQ)O:Zn phosphor assessment

The phosphor was assessed using many of the methods
described for ZnO:Zn.

2a.i) SEM

The particle size appeared slightly smaller than ZnO:Zn
(Fig. 11) but the morphology was similar.

2a.ii) Photoluminescence

Compared with ZnO:Zn, the peak was shifted by 30nm toward
the blue and, like ZnO:Zn, was a broad band emission.

2a.iii) Cathodoluminescence

The emission peak at 476nm compared with 505nm for ZnO:Zn
and, again, the broad band spectrum was retained (Table 1,
Fig. 10).

Emission was detected at 50V (Vth) and the luminance after 2

hours continuous operation at 1500V, 50A approached 2000
ftL. Typical L/V, L/I and L/t curves are shown in Fig. 12
a), b) and c).



3) ZnGa 2 0 4 :Mn Powder Phosphor

We have had considerable success with the synthesis of
ZnGa 2 0 4 :Mn phosphors. The initial samples were synthesised
by the solid state reaction of the specific oxides at
elevated temperatures. The mixtures were prefired at lower
temperatures in order to properly dehydrate the oxides and
to provide a more homogeneous mixture. The final firing was
always in an atmosphere such that the manganese was reduced
to the MnII state. The reduction of the manganese to the +2
state was accomplished by firing in an atmosphere of carbon
monoxide. This led to a phosphor with a long PL
persistence. Covering the phosphor layer surface with a
layer of powdered charcoal during firing led to a
significantly reduced persistence. However, recently, it
was found that reduction using gas mixtures gave more repro-
ducible results.

ZnGa 2 0 4 :Mn has bern prepared with up to 1% Mn. A range of

temperatures up to 1300 0 C was used, though, in order to
restrict the particle growth, no fluxes have been added.
The higher temperature gave more consistent results.
Attempts to substitute Ga with Al led to poor phosphor so
this route of investigation was not pursued.

3a) ZnGa 20 4 :Mn Phosphor Assessment

(N.B. methods .sed as above).

3a.i) XRD

XRD spectra have been obtained for both the long and short
UV persistence material. However, no structural differences
were found (Figs. 13 and 14).

3a.ii) SEM

The SEM for ZnGa 2 0 4 :Mn presented a complex picture (Fig.
15). The powder consisted of a mixture of particles from
1-10Am mixed with large, flat, rectangular plates. EDAX
examination revealed no chemical differences between these
plates and the rest of the particles.

3a.iii) Photoluminescence

The ZnGa 2 0 4 :Mn emits a purer green luminescence than ZnO:Zn.
The excitation and emission spectra are shown in Fig. 16.
The narrow band emission peak is centred around 505nm with a
decay time (l/e) of around 4mS (Fig. 17).
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3a.iv) Cathodoluminescence

The emission spectra is almost identical with the PL
spectrum (Table 1, Fig. 10) showing the same narrow band,
saturated green.

The threshold for emission at 40V was similar to ZnO:Zn.
The L/V. L/I and L/t data is illustrated in Fig. 18. No
burn-in problems were experienced and the emission was very
stable.

4) Calcium Titanate:Pr (CAT) Powder Phosphor

This phosphor is not available commercially. A pinkish-red
emission with a subLtantial afterglow -- obtained when
excited by either long (366nm) or short (254nm) wavelength
UV.

The emission of the system was optimised for firing
temperature and time, Ca:Ti ratio and activator concen-
tration. A total of three hours firing in four stages at
10000C and 1100 0 C was necessary, the last firing being in a
slightly reducing atmosphere. The best results were found
with relatively low (<0.2 at. %) concentrations of
praseodymium in a matrix with a very slight excess of Ti.
Praseodymium was replaced by 12 other rare earths at 0.1 at.
% and 0.5 at. % concentrations in the optimised
formulations, but the PL of the Pr activated phosphor was at
least an order of magnitude more intense than any of the
others.

Other group II elements, both IIA and IIB, were partially
substituted for calcium, with mostly detrimental effects on
the photoluminescence. The emission colour was unchanged.
However, substitution of up to 50% of the calcium by
strontium gave a brighter phosphor under UV with a much
shorter afterglow.

4a) Calcium Titanate Phosphor Assessment

4a.i) XRD

The XRD spectrum of CaTiO3 :Pr is shown in Fig. 19. It is a
typical Perovskite structure as expected.

4a.ii) SEM

The micrograph (Fig. 20) illustrates the very characteristic
feature of this powder, the particle appearing to consist of
fine hexagonal crystals of 1Am or less collected in distinct
approximately spherical agglomerates of 5Am or more.
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4a. 4ii) Photoluminescence

The emission spectrum for a CaTiO3 :Pr under laser excitation
is shown in Fig. 21, and that for the calcium/strontium
phosphor is identical.

4a.iv) Cathodoluminescence

In contrast to the PL, the partial substitution of calcium
by strontium does not increase the CL intensity either at
low or high loading. Indeed, the CL intensity of the
substituted phosphor was lower. As under UV excitation, the
peak emission is at 615nm (Table 1, Fig. 10). The L/V, L/I
and L/t curves at 1500V, 50AA are shown in Fig. 22, a), b)
and c).

5) Tin Oxide:Eu Powder Phosphor

The starting material was pure SnO2 powder and the Eu was
added as the chloride. The unfluxed material, even when
fired at 1600 0 C, only gave weak PL emission. Fluxes such as
NaCl, BaCI 2 and NH4 F were therefore introduced either singly
or as mixtures in proportions up to 40%. After firing, the
powder was washed in nitric acid to remove excess flux. The
most intense PL was obained using 20% of mixed NaCl/BaCI 2

flux in a single firing at 1550 0 C at an Eu concentration of
0.5-1.0%.

5a) Tin Oxide Eu Phosphor Assessment

5a.i) XRD

The XRD spectrum of the phosphor is shown in Fig. 23.

5a.ii) SEM

A SEM micrograph (Fig. 24) shows a large variation in
particle size in the range >lm-64m with well defined
particles.

5a.iii) Cathodoluminescence

Only weak CL was achieved with a pink emission centred on a
double peak around 590nm (Table 1, Fig. 10). The L/V, L/I
and L/t curves are shown in Fig. 25.

6) Zinc and Cadmium Stannate Powder Phosphors
and Assessment

This possible phosphor system may have certain advantages,
if Eu activation is possible, over the SnO2 :Eu system. In
particular, Cd 2 SnO4 is a known conductor and, if efficient
luminescence could be obtained, it should be suited to
excitation by low voltage cathode rays.
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The synthesis of Zn 2 SnO4 :Eu was carried out via a standard
phosphor route by firing the mixed oxides of zinc and tin at
temperatures up to 1500 0 C for periods from half-an-hour to
three hours in an oxidizing (air) atmosphere. A range of Eu
from 0% to 5% was added, as well as a flux consisting of
equal parts of sodium and barium chlorides, up to 20% by
weight. The fired powder was washed free of flux.

The best activated phosphor contained 2 at. % Eu but showed
only very weak orange-yellow PL under 366nm UV and an even
weaker pink emission under 254nm. Substitution of all or
part of the zinc by cadmium gave powders with intense body
colours which were not luminescent. The zinc compounds were
insulating while the cadmium compounds were, not un-
expectedly, conducting.

The brightest phosphor, a zinc stannate, contained no added
europium, giving a whitish emission under 254nm and a
stronger greenish-yellow under 366nm. The intensity,
although still rather weak, was at least an order of
magnitude greater than from Zn2 SnO4 :Eu.

The particle size and morphology of both unactivated and Eu
activated phosphor were similar when studied under the SEM.
Unactivated Zn 2 SnO4 is shown in the microphotograph in Fig.
26. The XRD spectra of the two types were also similar
(Fig. 27), showing evidence of unreacted ZnO and SnO2 . This
was still true even after firing for 16 hours. So far, this
system has shown little promise.

V) THIN FILM PHOSPHOR

1) The Synthesis of Thin Films - General

These oxide films were prepared by organometallic vapour
deposition (OMCVD) using the method of aerosol spray
pyrolysis (ASP). A sketch of the apparatus used is shown in
Fig. 28. A solution of an organometallic precursor of the
desired metal is dissolved in an appropriate solvent,
usually organic. It is pumped to the nebulizer at the top
of the 3-necked flask. A fine mist is thus formed in the
flask, any larger drops falling out to waste. A second
inlet in the flask enables the ratio of the gases to the
carrier gas, e.g. N2 :0 2 to be simply varied. The fine mist
is delivered to the reaction chamber, comprising a
rectangluar section tube, into which the platform bearing
the substrates has been inserted. The platform is held at
an elevated temperature, usually 4300 -480 0 C, the mist
decomposing at, or near to, the substrate surface.

Glass quartz and sapphire substrates were employed, the
latter enabling annealing temperatures exceeding 15000 C to
be used. The deposition rate is approximately lim/hr. The

12



approximate film thickness was rapidly estimated from UV/Vis
spectra by the application of the formula

t A •2 1A

2n (X2 - X i)

where A2, X1 are the wavelengths of successive nodes and n
is the refractive index of the film. A UV/Vis spectrum for
ZnO:Zn is shown in Fig. 29.

2) ZnO:Zn Thin Films

The precursor solution was prepared from zinc organometallic
compounds in a mixed solvent and the films were deposited in
a N2 /0 2 atmosphere. Initially, they were prepared on
Corning 7059 borosilicate glass but later, sapphire
substrates were used.

The as-deposited films were not photoluminescent. An SEM
micrograph of such a film, about Am thick, is shown in Fig.
30. Weak orange PL was obtained from the glass based films
when reduced at temperatures just above the MP of the glass.
Substantial blue-green PL and CL was not obtained until the
sapphire based films were annealed at temperatures greater
than 9000C in a carefully controlled reducing atmosphere. As
can be seen from the XRD spectrum in Fig. 31, the film shows
strong preferential orientation. From a SIMS analysis (Fig.
32) a film on Si was shown to be fairly uniform. The annealed
films were also shown to exhibit cathodoluminescence.

3) (ZnMa)O:Zn Thin Films

Attempts were made to incorporate Mg in the ZnO lattice in
order to shift the colour towards the blue as in the
respective phosphor powders. With organometallic Zn and Mg
precursors, no satisfactory common solvent system could be
found. Mg(N0 3 ) 2 was therefore used along with zinc
organometallic precursor. Deposition appeared satisfactory
but no colour change in the PL was effected, even when high
concen-
trations of Mg were used.

4) Zinc Gallate:Mn Thin Films

The precursor solution was a mixture of organometallic
compounds of zinc, gallium and Mn11 in a molar ratio of
1:1:0.01 respectively in a mixed organic solvent. The
sapphire substrates were held at temperatures of 430-470 0 C.

The as-deposited films were pale brown and not photo-
luminescent. Because of their opacity, an estimate of the
thickness of the films could not be obtained from a simple
UV/Vis spectrum (Fig. 33). However, the spectrum did
demonstrate that the band edge had been shifted to 275nm
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compared with 371nm for ZnO, indicating the probable
formation of zinc gallate at the substrate surface before
annealing.

Photoluminescence was induced in the films by annealing at
1000 0 C for short periods, mainly in reducing atmospheres.
The PL was far more intense than that found in the ZnO:Zn
films and of a colour typical of ZnGa 2 0 4 :Mn powder phosphor.
The XRD spectrum of the film was also identical to that of
the powder although the ratio of the peak intensities
differed (Fig. 34).

The CL of these films did not match that of ZnO:Zn. It is
probable that the optimum thickness has not been found.
Indeed, the films were thicker than ZnO:Zn, up to 2.5m, and
"a SIMS analysis indicated a large variation in thickness in
"a single film (Fig. 35).

5) CaTiO3 :Pr and SnO2 :Eu Films

Initially, attempts were made to produce red luminescent
films of CaTiO3 :Pr. This was abandoned because of the
incompatibility of the available precursors both in terms of
mutual solubility and decomposition temperature. The
simpler SnO2 :Eu was therefore investigated. The Sn
precursors contained up to 1% Eu as the acetate, again in a
mixed organic solvent. Deposition was carried out at 430-
470 0 C on sapphire substrates with subsequent annealing at
temper-atures up to 15000 C. The films were white and opaque
with a strong orange PL.

Photograph 1 shows the PL emission from ZnGa 2 0 4 :Mn, Sn0 2 :Eu
and ZnO:Zn films.

VI) CONDUCTING ITO POWDER

For use in low voltage devices, cathode ray phosphors must
either be intrinsically conducting, as in ZnO:Zn, or may be
made so by forming a conducting layer on the particles.
Alternatively, the phosphors may be mixed with a conducting
powder. We investigated both methods. Indium oxide powder
was doped with tin and indium then fired and milled. The
pale yellow powder exhibited a bulk conductivity several
orders of magnitude higher than ZnO:Zn phosphor.

A graph showing the change in resistance as a function of
varying the Sn concentration in ITO powder is shown in Fig.
36. As can be seen, there is a minimum resistance at
concentrations of -6% in the ITO powders. Firing in a
reducing atmosphere leads to a doubling of conductivity of
the ITO powder.

Early attempts to make layers of InBO3 :Tb phosphor with ITO
powder for use in the CL system led to indifferent results.
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The body colour became darker. The change in the threshold
voltage, Vth, is shown in the table below, where Vth refers
to the point at which visible luminescence appears.

% In 2 0 3  Vth

0 >1500
5 1500

10 1000
20 600

VII) CONDUCTING SURFACE COATINGS ON POWDER PHOSPHOR

As an alternative to mixing an insulating phosphor with a
conducting powder, a conducting layer can be formed in situ
on the phosphor powder surface. Slurries of the phosphor
with solutions of indium and tin complexes were dried then
fired at moderate temperatures.

Various phosphors were used and the effect on InBO3 :Tb is
typical. The surface did become conductive but the PL
intensity was reduced possible because of the absorption of
UV by the ITO film.

The optimum concentration of Sn in the In 2 0 3 was around 4%
as shown in the table below. CaTiO3 :Pr, which is not
completely insulating, was used.

% Sn R
in In 20 3  (k ohms)

0 180
0.2 130
0.4 21
0.9 15
1.7 6
4.2 2
8.1 12

11.2 50
15.0 25

Uncoated control 12000

VIII) INTERACTION WITH OTHER US ORGANISATIONS

We have attended many informal and formal meetings with most
companies interested in FED manufacture. Phosphors have
been supplied to many of these companies and on-site help
has been provided to six of these. In most cases, our
phosphors have been well received and said to deposit
acceptably and behave under low voltage electron excitation.
However, we have not been supplied with any quantitative
data on the performance of the phosphors in return.
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IX) MEETINGS. VISITS AND PUBLICATIONS

Apart from the various US FED manufacturers, many visits
have been paid to the ETDL Labs, Fort Monmouth. This
included a two-week visit by S S Chadha to teach
electrophoresis (EP) to the personnel at Fort Monmouth and
to learn the usage of the low voltage rig. Many phosphors
were evaluated after EP deposition of these materials. Due
to the fact that the phosphor layers were not baked,
lifetime maintenance characteristics were poor. Some
bakeout was attempted which improved the stability somewhat.
A return visit has been paid by Dr D C Morton. This is
resulting in an extensive exchange of information involving
the synthesis and assessment of phosphors.

A outline of the work carried out on this programme was
presented at the Sixth International Vacuum Micro-
electronics Conference in July 1993 and at SID in June 1994,
(see Appendix C).

X) EDUCATIONAL

We have, as yet, not been asked to take part in the US
educational programme of the Phosphor Center of Excellence.
We have, however, presented two short courses at SID. These
were:

1) Display Phosphors - May 1993
2) Emissive Displays - June 1994

Copies of the notes of these courses are available on
request. A further seminar will be presented in October
1994 at the IRDC in Monterey and a half-day course on
phosphors will be given at the SPIE meeting in San Jose in
February 1995.
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XI) CONCLUSIONS

The objectives of the programme were the synthesis of low
voltage RGB phosphor and the supply of these phosphors to US
industry. These objectives have, to a large extent, been
achieved.

At the start of the project only ZnO was available, which
emits with broad band blue-green emission.

We have in two years developed:

a) a much improved and brighter ZnO phosphor (-9000 ftL
at 1500V 100A),

b) a saturated red-green based on zinc gallate (-3000 ftL
at 1500V 100AA),

C) a good red based on calcium titanate (-1000 ftL at
1500V 100[A),

d) a blue (ZnMg)O:Zn phosphor (-3000 ftL at 1500V 100AA).

Other powder phosphors investigated were SnO2 :Eu and
Zn2 SnO4 Eu. The PL of SnO2 :Eu appears orange-red but the
emission from Zn 2 SnO4 Eu was very weak. Further studies of
these systems are still required.

In addition, techniques were developed permitting
fabrication of very small particle size (<1000) conducting
powders, such as In 20 3 , ITO and SnO2 , for phosphors where
sufficient conductivity was not achieved.

Experiments engineered to provide surface conduction to
normally insulating phosphor have also been successful and
conductive InBO3 :Tb phosphor has been made.

Thin film phosphors were synthesised for the first time so
that the possibility of very high resolution FEDs was
established. Photoluminescent thin films of ZnO:Zn, SnO2 :Eu
and ZnGa 2 0 4 :Mn have been made by a novel aerosol spray
pyrolysis method. Considerable further development is
required for making good low voltage screens, but promising
initial results have been obtained with the above compounds.

Stability measurements under low voltage CRT excitation were
made on ZnO:Zn, ZnGa 2 0 4 :Mn, (ZnMg)O:Zn and InBO3 :Tb
phosphors. The stability of these phosphors varied. At
this early stage it would appear that ZnGa 2 0 4 :Mn shows most
promise. It should be noted that the zinc oxide made at the
University appeared more stable than those commercially
available. Clearly, far more assessment is still required,
more especially in completed devices.

17



We have supplied phosphors and thin film samples to seven US
firms. We are now supplying 100 gram samples for
evaluation. (N.B. 100 grams could cover 100 sq ft of
display or 14,400 sq in samples).

18



XlI) FUTURE WORK

Although good, three-colour displays can be made from the
phosphors we have produced so far, further work is required
to prepare phosphors with saturated emission. The blue
emission from the (ZnMg)O:Zn phosphor still requires
filtration and the emission from the CaTiO3 :Pr requires a
slight shift to the red. The emission from the ZnGa 2 0 4 :Mn
is ideal from the point of view of colour saturation but
clearly, as always, improved efficiency is still called for.
Although considerable progress has been made in the
preparation of fine particle phosphors, we believe the new
techniques that are being investigated will still yield far
better results.

It has become quite clear that various industrial firms are
working with FEDs operating over a range of voltages. Thus,
phosphors operating below 500V, or even below 50V, are
required, as well as those operating at about 1000V and
above 2000V. A separate optimisation for each voltage range
will be required.

The effort on the preparation of phosphor thin films has
been limited and much work still has to be done in the
optimisation of thin films. New methods of synthesis still
have to be evaluated.

As a result of the studies that have just been completed we
have definite ideas on the investigation of new phosphor
systems for low voltage application, more particularly for
blue emitting phosphors.

We hope that in the coming years we will be able to
collaborate far more strongly with other US firms, as well
as the Phosphor Center of Excellence. It is imperative that
an assembly system for the assessment of small, sealed
devices be set up so that maintenance characteristics under
realistic conditions can be obtained.

We hope that, in the future, we can take part in the
educational/research programmes of US educational
establishments.

We will continue to supply ETDL and other US organisations
with phosphors as and when requested.

XIII) ACKNOLEDGMENT

We would like to put on record our thanks for the guidance
given on this project by Dr D Slobodin, Mr M R Miller and
Dr D C Morton.
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"APPENDIX A

Monochromator

A fully automated Bentham Spectroradiometer system has been
acquired. Data storage and manipulation is via a 486/33mHz
IBM clone with output to a HP laserjet. The basic system is
shown in Figs. 37 and 37a.

The M300A is a high quality, general purpose grating
monochromator (1200g/mm) with a 300mm focal length. A
built-in stepping motor and sine drive allows wavelength
scanning to be completely controlled from a remote stepping
motor drive unit (SMD3B). The SMD3B in turn is controlled
by a PC via its IEEE 488 bus interface. Light collection is
via a close focus telescope accessory and fibre optic probe.
The operation of the whole system is computer controlled
permitting the measurement of spectral output, CIE co-
ordinates and colour temperature, amongst others.

"APPENDIX B

Low VoltaQe Cathodoluminescent System Measurements

Based on a Kimball Physics Gun (EFG-7), the demountable CL
rig was made fully operational. This is shown in Figs. 38
and 39. As noted in the previous report, this gun is
capable of 50-5000eV excitation. Prior to any measurements,
the system is baked and the phosphor layer given a low
electron density burn-in at 1500eV for 30 mins. Typically,
the threshold voltage, Vth, and the L-V and L-I
characteristics are measured first. For L-V
characteristics, the emission current is fixed at 50AA for a
1.41mm radius spot, and for L-I, the voltage is fixed at
1500eV. The luminance readings are acquired using a Gamma
Scientific Telephotometer, IC2000. Accelerated life testing
is carried out at 1500eV and 509A for two hours.

Most phosphors prepared in-house and the commercial controls
have been assessed.
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XRD spectrum of: Fig. 1) Zinc oxide, raw material;
Fig. 2) Zinc oxide phosphor;
Fig. 3) Zinc oxide phosphor with

added sulphur.
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Fig. 4 SEM micrograph of commercial ZnO:Zn phosphor

Fig. 5 SEM micrograph of UG ZnO:Zn phosphor
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Fig. 6 Dissociation plot for Zn-O
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Fig. 7 Excitation and emission spectra of ZnO:Zn
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Fig. 11 SEM micrograph of blue emitting (ZnMg)O:Zn
phosphor
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Fig. 15 SEM micrograph of ZnGa 2 0 4 :Mn
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Fig. 16 Excitation/emission of ZnGa 2 04:Mn
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Fig. 19 XRD plot of titanate phosphor
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Fig. 21 Emission spectra of calcium titanate:Pr phosphor

under laser excitation

Normalized Irradiance

Lfl
E

0.

07

0I

:3 (a
0
3)-

-3

0 3

M :1 CD
36 0

I

@36



1666 CaTiO3:Pr

see-

S 688)

a 408
C
E28

408 608 808 1808 1208 1480 1688
Applied Uoltage (eU)

2808 CaTiO3:Pr-,

8 20 4 8 60 88 188
Current (uA)

1808

9, CaTiO.3:Pr
""800-
S706-

S680-

S480- 0

S= 309-

Ise

8*

9 24 68 8 158
Time (min$)

Fig- 22 a) L/V b) L//I C) L/t
curves for CatiO3:Pr

37



Fig. 23 XRD of SnO2 :Eu
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Fig. 25 a) L/V b) L/I c) L/t
curves for SnO2 :Eu
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Fig. 26 SEM micrograph of Zn2 SnO4

Fig. 27 XRD of Zn2 SnO4
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Fig. 28 Simplified sketch of apparatus used for ASP

I RECiJASOR SOLUTION
PUC J RESERVOIR

CONNECTION
TUBE TO GAS CYLINDER

UIJI VLOWMETER
NEBULISE hDI U(NTIISol SSTUBING
IClapNINS FLOW[ CONTARINING THERMOCOUPLE

FUUTI4E1T .. ;SERVING RS HANDLE FOR
ITUNSEIJSUBSTRATE PLATFORM (NOT $1190

MIST CHAMBER RLOY
(2 L 3 NECKEDSETDO
QF FLASK1 TO WASTE HOTPLATE TO DIGITAL

RESERUOIR THERMOCOUPLE

41



Fig. 29 UV/Vis spectrum of a zinc oxide film on
sapphire (used for determining the thickness
of the zinc oxide thin films)
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Fig. 30 SEM micrograph of unannealed ZnO on glass
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Fig. 31 XRD spectrum of annealed ZnO:Zn film on
sapphire
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pig. 32 SIMS analysis Of 
Zno:Zfl thin film 

onl silicon
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Fig. 33 UV/VIS spectrum of zinc gallate thin film
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Fig. 34 XRD of ZnGa 2 0 4 :Mn thin film
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Fig. 35 SIMS analysis of ZnGa 2 0 4 :Mn thin film on sapphire
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Fig. 36 Tin concentration in ITO powder
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Fig. 37a The new Bentham Monochromator System
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Fig. 38 Low voltage demountable cathode ray apparatus
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Fig. 39 Close-up of electron gun
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Photograph 1 PL emission from ZnGa 2 0 4 :Mn,
Sn0 2 :Eu and ZnO:Zn thin films
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6.3: New and Improved Phosphors for Low-Voltage Applications
S. S. Chedha, 0. W Smith. A. Vecht, C. S. Gibbons

University of Greenwich, London, U.K.

Abstract Various phosphors have been phosphors. Some work on thin film phosphors is
investigated to achieve full colour from field also presented.
emission displays. As a result, phosphors have
been prepared which emit green (ZnO:Zn,
ZnGa204:Mn), blue ((Zn.Mg)O:Zn)) and red GREEN PHOSPHORS
(CaTiO3:Pr, SnO2:Eu). For the first time thin
films of ZnO:Zn, ZnGa204.Mn and SnO2:Eu Our initial approach was to improve the ZnO:Zn
showing low voltage luminescence are reported, phosphor which has a bluish-green broad band

emission centred around 505 nm (Fig. 1). This
was achieved with both the photoluminescence

INTRODUCTION (PL) and cathodoluminescence (CL) exceeding
that of the commercially available phosphor.

Monochrome vacuum fluore.cent displays Table 1 shows the results obtained under low
(VFDs), utilizing the well-known low electron voltage CL for ZnO:Zn and other phosphors
energy green-emitting phosphor zinc oxide:zinc, reported in this paper. The maintenance curve for
have been in use for many years (l). More various ZnO:Zn phosphors (15(M) V and 50 jiA)
recently, LETI has introduced the field emission is shown in Fig. 2.
display (FED) based on cold electron emission Various techniques were explored for the
from microtips (2). preparation of high brightness ZnO:Zn

phosphors. Starting materials includedThe early versions of thee FEDs were again commercially available pure ZnO, oxides
monochrome, utilizing the highly efficient prepared from the pure precipitated oxy-salts,
ZnO:Zn phosphor. However, for commercial such as the oxalaIe, and the oxy-salts themselves.
development in the 199('s, only full colour Reduction of the oxide at 9(xy- 1050 tC using

displays are acceptable. Though some advances e i on o noxide at from acting

have been made in obtaining multi- and full colour either carbon monoxide derived from activatedhavebee mae i obtinig mlti andful coour charcoal or H2/Ar and carried out in crucibles or
displays, the efficiency of most phosphors is an closed tubes, led to bright ZnO:Zn phosphor.
order of magnitude lower than ZnO:Zn. Hoseves, l to brig techn resphor.
Furthermore, ZnO:Zn is a wide band emitter. However, a novel firing technique resulted in
Narrow band emitters are preferred for greater *both higher brightness and better maintenance.
colour saturation and possibly for improving the Moreover, there was little batch to batch variation.

contrast by appropriate filtering. ZnO:Zn has a broad band peak centred around

At the University of Greenwich we have 505 nm with a decay time of less than 1 ps. Its
developed a range of phosphors with red, low voltage properties have been well
green and blue emission in both powder and thin documented 0) due to its extensive use in
film forms. This work is supported by ARPA VFDs. However, whilst ZnO:Zn is highly
funding. suitable in VFDs, full colour FEDs would

benefit from bright narrow band emitting
phosphors. Our previous work in this area led us

EXPERIMENTAL AND RESULTS to reinve-stigate ZnGa204:Mn phosphor (4). a

system with the spinel structure of the type
The results of our investigation are summarised AB204.
below for various red, green and blue emitting

1SS•OX9g.OX/9•V25C I1MIS 10 + 00 7 19x Si O SID 94 DIGEST • 51



The phosphor was prepared by firing G2203. 1.0
ZnaO and MnCO3 using a multiýstge firing
sequence in the temperature range 9(X). 13(X0 )C. T.
The final firing was always in a reducing
atmosphere to ensure conversion to the Mn1 I -. 0.6
state. The emission peak of gallate (Fig. 3) is
also centred at 505 nm (cf. ZnO:Zn) with a decay 0.4

1.0 
0.2

0.8 0.0
13(W 4(X) 5(X) 6(K) 7(K) 800

'5 0.6 Wavelength (nm)

A0.4 Fig. 3 Emission spectrum of ZnGa2O 4:Mn

0.2 RED PHOSPHORS

0.0 if We have investigated both SnO2.Eu and
300 4(X) 5(1) 6(1N) 7(11 8(1) CaTiO3:Pr phosphors. Preparation of SnO2:Eu

involved firing pure SnO2 powder with EuCI3
Wavelength (nm) and fluxes within the temperature range of 1450

C - 16MK) TC. Bright phosphors were made with
Fig. I Emission spectrum of ZnO:Zn an Eu concentration around 0.2 A-,. The

dominant peak for SnO2:Eu was found at 595
nm with a decay time of nearly 6 ms (Fig. 4).

time of around 4 ins. As can he seen, the peak
width is significantly narrower than ZnO:Zn and 1.0
this results in improved colour purity in the
green. 0.8

.20 .6S5000 ->

0.4
"• 4000 In-houseZnO:Zn

0.2
•3000-"

S. .... i............... (1.

S2000 Co3ria 1(X) 4(X1) 5(M1 6(X) 7(X) 8(X)

• • Wavelength (nm)

... i100 "•Fig. 4 Emission spectrum of SnO2:Eu

0 • . .,. . "',,CaTiO3:Pr phosphors were prepared using
0 50 100 150 CaCO3, TiO2, PrCI3 and suitable fluxes. Firing

Time (rains) was within the range i(XX) - 1150 OC. The
optimum Pr concentration was 0l. 1-0.2 &to.

Fig. 2 Maintenance curves for commercial and The CaTiOl was found to he intrinsically
in-house ZnO:Zn phosphors conducting and, hence. useful for low voltage
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operation. The dominant peak for CaTi(3:Pr was THIN FILM PHOSPHORS
around 615 nm as shown in Fig. 5, with a decay
time of 4 ms. For ultimate resolution, thin film phosphors arm

preferred and we have started research into such
structures. The thin film were produced by

1.0 chemical vapour deposition (CVD) using aerosol
spray pyrolysis (ASP) described previously

0.8 (5,6,7.) The aerosol was formed by spraying a
solution of the organo-metallic precursors into a

0.6 large reservoir. The fine mist was led to the
reaction chamber held at 450 0 - 470 OC where it

• 04 decomposed at the substrate surface. Films up to
04 2.5,ý.±m were built up on sapphire or quartz

Ssubstrates. These were subsequently annealed in
0.2 controlled atmospheres at temperatures up to 1200

0C. depending on the phosphor. Bright fldms of
0.0 - I I I I ----I ZnO:Zn, ZnGa204:Mn and SnO2:Eu were

3(X) 4(X) 5(M) 6AM) 7(M) R(M) prepared. These are shown in Photograph I

Wavelength (nm) under UV excitation.

Fig. 5 Emission spectrum of CaTiOj:Pr CONCLUSIONS

BLUE PHOSPHORS New and improved phosphors are vital for full
exploitation of FEDs. In this paper we

Though a reasonable blue emission can be have reported on a tri-colour system of bright.
obtained by filtering the broad band emission of low voltage phosphors. The ZnO:Zn phosphor
ZnO:Zn, it is obviously desirable to have a blue made in our laboratories compares favourably
emitting phosphor. During experiment% to dope with the commercially available material. Also
ZoO with various activators, it was found that a reported, for the first time, are our preliminary
colour shift was perceptible with the addition of findings on thin films.
Mg. MgO appears to form a solid state solution
with ZnO and a shift of nearly 34) nm towards the However, though we have made considerable
blue was observed with 15 9 MgO addition. As progress in achieving a system of RGB
shown in Fig. 6, the shape of the emission band phosphors, further investigations are necessary
is narrower and more symmetrical than that of for newer narrow hand emitters with even higher
ZnO:Zn. efficiencies and colour purity.
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Table 1. Some typii.al results of the low volt.ge phosphors (powders and thin films)

Phosphor Colour Peak (nm) Luminance (ftL) CIE
(15M V. 50 pA)
after 2 hours x y

ZnO:Zn blue-green 505 4650 0.227 0.443
ZnO:Zn (Commercial) " " 264M"
(ZnMg)O;Zn blue 476 2150 0.171 0.2843
ZnGa204:Mn green 505 2610 0.109 0.757
CaTiO3:Pr red 610 1450 0.680 0.311
SnO2:Eu Orange-red 595 102 0.587 0.383
ZnO:Zn (thin film) blue-green 505 380 0.227 0.443

Photograph 1. PL emission from thin films of ZnGa204:Mn, SnO2:Eu and ZnO:Zn

Ti fngure Is reproduced In color on psge 9M.
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New electron excited light emitting materials*
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A range of bright, multicolor phosphor systems for field emission displays is reported. These include
the standard ZnO:7n and newer. narrow band emitting systems based on green ZnGa.O.L:Mn and
red CaTiO3:Pr. A modified, blue emitting ZnO:lZn/Mg) and thin films of ZnGa{):O:Mn have also
been prepared.

I. INTRODUCTION for the anomalous behauior. never fully explained. is actmb-
The cathode rap- tube. after a century of dexelopment, i uted to high surface conductivit%. Zinc oxide has a much

,;till the major displa, component used in information tech- higher conducti• it, i - 10"' Q cm-') than ty pical CRT phos-

nology. The extension of its usefulness, from oscilloscope to phors such as ZnS or Y_,O.S (-- 1) . n cm- '. Some insu-

monochrome and then full color television, has always been lating phosphors can also shovw limited low voltage light
accomp..fied by improvements in the phosphors used. For emission %%hen mixed or coated with conductive compounds.
example. the ad,6ent of the present color television s',stems e.g.. ZnS and ZniCd,S. The main application of conducting
depended on the development of efficient. narrow4 band red zinc oxide phosphors has been in the familiar "vacuum fluo-
phosphors.' Similarly. the recent progress made in field rescent" display. which emit in the blue-green part of the
emission/microtip technology' will not be exploited to its spectrum. They have also been used in prototype microtip
full potential until the red. green. and blue (RGBi phosphors devices. A significant recent development is the production
operating at the required conditions have been synthesized, of a range of field emitters in the form of **metallic- (e.g..

Although cathode ray phosphors have been optimized to Mo or diamond) cones on a silicon substrate forming an
work at high voltages (over 10 keV). and relatively low cur- extended cathode for a multielement flat panel display.
rent densities la few microamps per cm-i. the requirements Recently. colors other than bluish-green have been dem-
for field emission displays (FEDs) are totally different. The onstrated by adding conducting powders. usually indium ox-
voltages of operation range from 10 to 1500 eV. but high ide. to conventional phosphors [Table I. (Ref. 31]. The effi-

,current densities are needed. Because of the relatively low ciencies of the red and blue emitting systems are about an
operating voltages, aluminizing of the phosphor laver to order of magnitude lower than ZnOP:Zn. Furthermore. none
avoid space charge is not possible. To date. the only phos- of the phosphors listed are narrow band emitters.
phor systems used with any success are the ZnO systems. There was therefore an urgent need for a systematic in-

In this paper. we report some of the initial results on low vestigation of FED phosphors. As far as is known, no thin
voltage phosphors for FED application. It should be empha- film FED phosphors other than ZnO have been reported.
sized that although we are dealing with FEDs in a general Such phosphor films would be essential for very high reso-
way. there are many proposed FED systems and each may lution displa.s.
require a phosphor system designed for it. Evern application
has specific I- V 'conditions of operation. resolution, and A. Excitation at low voltage of insulating phosphors
maintenance. These. in turn. will be governed by the size of When an electron strikes the phosphor lattice, some sec-
the display required and the method of address used.

ondary electrons ma, be emitted. as as photons of vis-
ible light. The ratio of secondary electrons emitted to pri-

II. BACKGROUND mary electrons sinkine the lattice is termed 6and vanes with

It is usuall] assumed that the high efficiencies obtained in the energy of the primar, electrons. Figure I shos the týpi-
cathode ray pho%.phors are parl, due to the hich vopiage cal \ariation of 5 in relation to primar. electron energies. At

excitation processes that are used. Thus. the light emitting low energies of the pnmarv electrons. secondary emission is
process is considered to be the result of a multistage high small, leading to the build-up of a surface space charge in an
energy collision and deacceleration process. Efficiencies of insulating phosphor. Furthermore, low energy primary dec-
about 15%-20% can only be obtained at above 10 keV. trons are unable to overcome the electrostatic barrier, result-
Some of the most efficient phosphors are copper or silver ing in low light output. As the energy of the primary elec-
doped zinc sulfides. where efficiencies of -227 have been trons increases, the ratio & approaches one. At this voltage.
reported. Only the ZnO:Zn system shows reasonable effi- and above, no build-up of negative space charge occurs. Sec-
ciencies (I 1%-51- 1 at low %oltage i10-50O eV1. The reason ondar% emiNsion increae, up to a value of E maximum and

then drops off monotonically until the second crossover is
"Publisled without autho corrections. reached, as shown. This is generally when the voltage
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Tkiii r I State ,t dthe.111 ot sacuum fluore~cent phosphors and phosphor TsFIL 11 Chemical .mniklssi of zinc oside phosphor% and raw materials
c:olor chara,:terititc, Rer 3,

Elements ippm-
Peak Color coordinate Emistsionl

Ingredients Emi~sson wavelength - efficien~cy Phosph~or samlple Cd NI Ca Cu Fe Pb M n

of phosphors color mI ni X Y I mW ̀ I Commercial ZnO-Zn 0,965 0760 0 082 0.028 0 138 4 f7 0.0o54

ZnO:Zn Bluish- 505 0125 0.44 5-7 BDH-ZnO 0,944 0752 0.10'-2 0.074 0012 5 11 0 05:

grenRose chemicai-ThO 14 0.761 0ý074 0.039 0,074 566 0.053

(ZaCdiS. AS -In-O, Red 665 067 0.33 0.5-1 ZnSO4 -Zni oxatae-ZnO 0.906 1.19 0.433 0.203 0326 4,18 0065

Zn.uIt., Lmo 5 .9 06 Zinc acetate- 0.932 0.751 0.4%6 0.171 0,153 4.35 0.074

ZnS %in - tnO, Yellow 585 0.52 0.4'? 0.3-0.6 Z xli-n
ZnS Ag -lIn'O Blue 450) 016 0.12 0 1-0.3
ZnS Cu Al - (nO, Green 520) 025 0.59 I-1IS

1. Synthesis
Although numerous methods of preparing zinc oxides are

reaches 1000 eV or more. Aboxe this point the energies of know~n. relatixelv little literature on the sx.nthesi, of ZnO
the pnmary electrons are sufficientix great to overcome anv phosphors exist. We have concentrated on txwo methods:
.space char~e barrier. ta) Salt decomposition. e.g.. the preparation of precursors

such as ovalates, from zinc sulfate, zinc nitrate. zinc: acetate.
and the controlled firing/decomposition of the precursor to

B. Surface treatments gizie the zinc oxide phosphor.

In most publications. '.er-% little reference is made to the (b) The firing7 of zinc oxide from a rantae of commercial
surface treatment of FED pho~sphors. However. Petersen suppliers.
reported' that most phosphors prepared for high %oltage op- The performance of ZnO:Zn under photoluminescence (PU
eration require some type of surface cleaning to yield ma~xi- and cathodoluminescence iCLi w~ere considerabl% improved
mum low solta2e efficienc,.. He found that acid etching im- when the reducing firing conditions were controlled for tem-
proved the brightness. as well as the efficiency. of perature. time. heating. and cooling rates.
oxvsulfidles and ox'.bromides. bN almost a factor of 2. when
such phosphors were operated at 300 V. This etching prob- 2. Surface treatment

ablyremvesdea layrs onlminscet I romthesurace Etching treatments were carried out on both starting ma-
of the phosphor. terial lQnOI and phosphor (ZnO:Zn) using a range of acids

and oxidizing and reducing agents. Oxidizing agents proved

fill. EXPERIMENT to be the most effective in increasing the phoctoluminescent
intensity. We did not confirm results indicating general im-

A. ZnO:Zn provements with acid etching as suggested previously.'

As ZnO:Zn is an `- .ly. o- 'o-ltage phosphor. ir vxi.

usýed as the reference material a2ainst w~hich results from the 3. Analytical
new phosphors \#ere assessed. The impurit% levels detected in commerciall'. available

Detailed evaluation of zinc oxide phosphors will be re- ZnO phosphors and those made from purchased raw mate-
ported elsewhere.4 We can summarize our results on ZnO to rial. as well as those synthesized in-house, seemed compa-
date as follo\%s. rable. Typical results are illustrated in Table 11.

It can be seen that the composition of the materials are
very similar, and midnor differences in Ca. Cu and, in one
case. Fe. are observed, It is quite clear that impunities do not

pp.:%! AY -stconA0 : Cplay a direct role in the luminescent process. This confirmed
2 * r.CN~~.<~ ' ~the accepted view that ZnO is self-activated and. contrary to

prev ious claims.6 Cu plays no role in acti% ation.

4. Particle size and x-ray data

The particle size of the ZnQ:Zn phosphor was similar
I (1 -2 jAm), regardless of the source material. Similarly. XRD

I I analysis showed no discernible difference between ZnO:Zn
___________________________ phosphors made using various techniques and staring mate-

rials.

5. Photoluminescence and cathodoluminesoence

FIG. I. The mecoridary emission ratio i&I as function of the accelerating The photoluminescence under laser excitation of phos-
VOltag (V). phors prepared in-house approached and, more often. ex-

J. Yes. Wd. Technol. 8, Vol. 12, No. 2. MerIApr 1904
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zoo Tk9ii ft1. Luminance of some tosv sOltaige phosphors

I,.-) ii'AA

/ , ~~~Phosphor 5)VVm

TZnO Zn .L G.' a% erage 100 X
t ZnQ-Zn iCommi I W

x IZnO Zn 'blue j I0
/ ~~ ZnGa.O, M~n

4)A T. , 'G=Lnisersir\ 01 Greens~ h.

B. Zinc gallate:Mn
Fiwr Emisson spectra oi ZnO-Zn hblue-grecn'. ZnGa:O, %IM ren ~i.ind~ 1. Powder

Ca~i~ P re' phsphrs.The brocid emission spectrum of zinc ov'de is no! ideal for

an RGB system. The emission spectrum of zinc gallate also
peaking at 505 nm 'Fig. 21 isý considerabl\ narrosser and

ceeded that of the commercial material- Under CL excitation yields a more saturated green. The deca~ time of this, phos-
ZnO:Zn emitted an intense whitish-green luminescence. The phor is approximatel,, 4 ms to l/ie. Ailhoueh this s~ stem has
emission spectrum is shown in Fig. 2. The broad emission not been optimized. vwe hase so far obtained 350 ft L at about
peak- of ZnO:Zn is centered at around 505 nm wkith a short 1500 V. The brightness %oltage characteristics are indicated
decay time, approximately 0.3 As to Ile, in Fig. 4. Preliminary measurements indicate good stabilitN

The CL output under flood excitation conditions %s v-olt- under CL excitation. better than that shoss n b% con% entional
age is shown in Fig. 3. The brightness-% oltage characteris- ZnO materials.
tics of commercially available and in-house materials are in-
dicated. 2. Thin films

From our experiment~s so far, we can deduce that the Thin films of ZnGa-0:M.:n "~ere deposited b% organome-
brightness and efficiency of ZnO powder lonc .e sufficient pu- tallic chemical s apor deposition using aerosol spra% pyrol -
friv control has been established) is strongly dependent on sidecbdpriolv Deasoftesthis'lle
the controlkvd firing ambient during synthesis. as %%ell as the reported elsess here.9 Such films, shoss emiý'lion characteris-pre-firing andi post-firing treatments of the phosphor surface. tics similar to those of the possder sxstem described abose.

The efficiency and brightness, of the films are not \~et com-

6. Blue ZnO parable to those obtained in possder s\ stem', the luminance
of the thin film being about 1/50th of that of the possder.

We hase recent]\ shown that the emission of ZnO phos- Houexer. the feasibilit\ of thin films, of ZnGalO.:Nln for
phors can be moved towards the blue end of the spectrum bý FED application has been demornstrated tbr zhe first time.
the addition oif magnesium. We beliese that the shift of ap-
prommimtel\, 25 nm is; pnmaril% due to a chanc-e in the band C. Calcium titanate:Pr
Sap of the ZnO as, a re-sult of mg substitution, We insestigated a range of possible loss s liage phosphor

Systems emitting oser a narrov. band in the ~ed part of the

60.

L no sit% i G, h Zn() Zn 2 , -

41111 NO Sl ]'No 0
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2W0. ____________________ these systems, has been reported. In this paper we have sum-
marized our initial results of a concerted attempt to develop
RGB phosphors. under ARPA auspices. for FEDs.

Methods have been dev eloped for the preparation of
sNtandard- ZnO:Zn phosphors comparable to the best com-

mercially available. Bright, narrow band. green emitting zinc
100 gallate:Mn and red emitting calcium titanate:Pr powder

E ,,. phosphors. have been dcx eloped for low voltage application.
Early rsls point to the potential of thin film phosphors
base'd on zinc gallate and zinc oxide. Furthermore, the emis-
"sion spectrum of ziric. oxide has been moxed towards the
blue end of the spectrum with a peak at 4SO nm. These

I promising results point to the possibi~itv of achiexing full
tw 800 "A C0A color, flat panel FE displays.

V Before commercial devices can be tsnufactured. detailed
inxestigations are required on the stability of low voltage

FIG 5 BnIchtne'--oltage :ur-se for CaTiO Pr phosphors running at high current densities. The decay char-
acteristics and saturation effects %%ill also have to be evalu-
ated.

spectrum. Certain titanates showed considerable promise
with a L00d red emission at relatix cl- low xoltages. The
emission spectrum and brightness/xoltage characteristics for A K. Le'ine and F. C Pa~lla.,%ppl Phss Len 5. 118 (1964.

CaTiO, Pr are shown in Figs. 2 and 5. We also found the C Spindi. C. E. Holland. 1. Brodie. T. B Moone%. and E. R. Westerberg,

phosphor to be intrnsically conducting. which should aid k Phrs. Pans 49. Is5 1988,. also A. Chis. R. %Meyer. P. Ranibaud. F.
Levv, and T Leroux. IEEE Trans. Electron Des ices ED-38. 2320 119911.

los% voltage performance. The properties of this phosphor 3S. kMatsumoto. Ele'ctnmic Dispios Devices -Wiles. New York. 19881. p.
system can be v aried by the partial replacement of calcium in 2_25.
the host lattice with strontium. 'R 0. Petersen. Electrochem. Soc Meeting. Abstraci 30. 528 (19801.

5C S. Gibbons. S S C~hadha. D) A Smith. and A Vecht (unpublished)

IV. CONCLUSIONS R Dingle. Ph% s Res Len 23. 5"9 1 b,
IV.CONLU~~N ~T. Toki. H Kataoka. and S. Itoh. Futaba Corp.. Japan Displav '92. 423

Although considerable progress has been made recently in 'A Saunder, and A %echi. Spr?'ge, Pn~teedings in Phtsics. 38. Elec-
rralumine.,cence. edited bv S. %lono~a and H. J1 Kobavashi Sprnnger.

microtip technology and related structures, little progress on Bel.189.P21
the dex elopment of suitable phosphors for displaN s. based on 'D, W. Smith. S S. Chadha. and A Vec:hi unpubli~hed,


